The deformation of a Fermi surface is a fundamental phenomenon leading to a plethora of exotic quantum phases. Understanding these phases, which play crucial roles in a wealth of systems, is a major challenge in atomic and condensed-matter physics. Here, we report on the observation of a Fermi surface deformation in a degenerate dipolar Fermi gas of erbium atoms. The deformation is caused by the interplay between strong magnetic dipole-dipole interaction and the Pauli exclusion principle. We demonstrate the many-body nature of the effect and its tunability with the Fermi energy. Our observation provides basis for future studies on anisotropic many-body phenomena in normal and superfluid phases.
The deformation of a Fermi surface is a fundamental phenomenon leading to a plethora of exotic quantum phases. Understanding these phases, which play crucial roles in a wealth of systems, is a major challenge in atomic and condensed-matter physics. Here, we report on the observation of a Fermi surface deformation in a degenerate dipolar Fermi gas of erbium atoms. The deformation is caused by the interplay between strong magnetic dipole-dipole interaction and the Pauli exclusion principle. We demonstrate the many-body nature of the effect and its tunability with the Fermi energy. Our observation provides basis for future studies on anisotropic many-body phenomena in normal and superfluid phases. The Fermi-liquid theory, formulated by Landau in the late 50's, is one of the most powerful tools in modern condensedmatter physics [1] . It captures the behavior of interacting Fermi systems in the normal phase, such as electrons in metals and liquid 3 He [2] . Within this theory the interaction is accounted by dressing the fermions as quasi-particles with an effective mass and an effective interaction. The ground state is the so-called Fermi sea, in which the quasi-particles fill one-by-one all the states up to the Fermi momentum, k F . The Fermi surface (FS), which separates occupied from empty states in k-space, is a sphere of radius k F for isotropically interacting fermions in uniform space. The FS is crucial for understanding system excitations and Cooper pairing in superconductors. When complex interactions act, the FS can get modified. For instance, strongly-correlated electron systems violates the Fermi-liquid picture, giving rise to a deformed FS, which spontaneously breaks the rotational invariance of the system [3] . Symmetry-breaking FSs have been studied in connection with electronic liquid crystal phases [4] and Pomeranchuk instability [5] in solid state systems. Particularly relevant is the nematic phase, in which anisotropic behaviors spontaneously emerge and the system acquires an orientational order, while preserving its translational invariance. This exotic phase has recently been observed by transport and thermodynamics studies in ruthenates [6] , in high-transitiontemperature superconductors such as cuprates [7] , and in other systems [3] .
A completely distinct approach to study FSs is provided by ultracold quantum gases. These systems are naturally free from impurities and crystal structures, realizing a situation close to the ideal uniform case. Here, the shape of the FS can directly reveal the fundamental interactions among particles. Studies of FSs in strongly interacting Fermi gases have been crucial in understanding the BEC-to-BCS crossover, where the isotropic s-wave (contact) interaction causes a broadening of the always-spherical FS [8] . Recently, Fermi gases with anisotropic interactions have attracted remarkable attention in the context of p-wave superfluidity [9, 10] and dipolar physics [11] . Many theoretical studies have focused on dipolar Fermi gases, predicting the existence of a deformed FS [12] [13] [14] [15] [16] [17] . These studies also include an extension of the Landau Fermi-liquid theory to the case of anisotropic interactions [18] . Despite recent experimental advances in polar molecules and magnetic atoms [19] [20] [21] [22] , the observation of anisotropic FSs has so far been elusive.
In this letter, we present the direct observation of the deformed FS in dipolar Fermi gases of strongly magnetic erbium (Er) atoms. By virtue of the anisotropic dipole-dipole interaction (DDI) among the particles, the FS is predicted to be deformed into an ellipsoid, reflecting the underlying symmetry of the interaction for polarized gases. To minimize the system's energy, the FS elongates along the direction of the maximum attraction of the DDI, where the atomic dipoles have a 'head-to-tail' orientation. To understand the origin of the Fermi surface deformation (FSD), one has to account for both the mechanical action of the DDI in k-space and the Pauli exclusion principle, which imposes the manybody wave-function to be anti-symmetric. In the HartreeFock formalism, the FSD comes from the exchange interaction among fermions, known as the Fock term ( [12, 16] and Supplementary Materials). Our observations agree very well with parameter-free calculations based on the Hartree-Fock theory [12, 15, 17] . We demonstrate that the degree of deformation, related to the nematic susceptibility in the liquidcrystal vocabulary, can be controlled by varying the Fermi energy of the system and vanishes at high temperatures.
Our system is a single-component quantum degenerate dipolar Fermi gas of Er atoms. Like other lanthanoids, a distinct feature of Er is its large permanent magnetic dipole moment µ (7 Bohr magneton), entailing the strong DDI among the fermions. Similarly to our previous work [22] , we take advantage of elastic dipole-dipole collisions to drive efficient evaporative cooling in spin-polarized fermions. The sample is confined into a three-dimensional optical harmonic trap and typically contains 7×10 4 atoms at a temperature of 0.18(1) T F with T F = 1.12 (4) tity β symbolizes the angle between the magnetic field and the z axis (inset Fig. 1 ).
To explore the impact of the DDI on the momentum distribution, we perform time-of-flight (TOF) experiments. Since its first use as "smoking-gun" evidence for Bose-Einstein condensation [23, 24] , this technique has proved its power in revealing many-body quantum phenomena in momentum space [8, 25] . TOF experiments are based on the study of the expansion dynamics of the gas when released from a trap. For sufficiently long expansion time, the size of the atomic cloud is dominated by the velocity dispersion and, in the case of ballistic (free) expansions, the TOF images purely reflect the momentum distribution in the trap.
In our experiment, we first prepare the ultracold Fermi gas with a given dipole orientation and then we let the sample expand by suddenly switching off the optical dipole trap (ODT). From the TOF images, we derive the cloud aspect ratio (AR), which is defined as the ratio of the vertical to horizontal radius of the cloud in the imaging plane (Supplementary Materials). from unity with a cloud anisotropy of about 3 %. TOF images show that the cloud has an ellipsoidal shape with elongation in the direction of the dipole orientation. When changing β , we observe that the cloud follows the rotation of the dipole orientation, keeping the major axis always parallel to the direction of the maximum attraction of the DDI. In a second set of experiments, we record the time evolution of the AR during the expansion for β = 0 • and β = 90 • (Fig. 2) . For both orientations, the AR differs from unity at long expansion times. Our results are strikingly different from the ones of conventional Fermi gases with isotropic contact interactions, in which the FS is spherical (AR = 1) and the magnetic field orientation has no influence on the cloud shape.
The one-to-one mapping of the original momentum distribution in the trap and the density distribution of the cloud after long expansion time strictly holds only in the case of pure ballistic expansions. In our experiments, the DDI is acting even during the expansion and could potentially mask the observation of the FSD. We evaluate the effect of the nonballistic expansion (NBE) by performing numerical calculations based on the Hartree-Fock mean-field theory at zero temperature and the Boltzmann-Vlasov equation for expansion dynamics [15, 17] (Supplementary Materials). In Fig. 2 , the theoretical curves do not have any free parameter and are calculated both in presence (solid lines) and absence (dotted lines) of the NBE effect. We observe an excellent agreement between experiment and theory, showing that our model accurately describes the behavior of the system. In addition, the comparison between ballistic and non-ballistic expansion reveals that the latter plays a minor role in the final AR, showing that the observed anisotropy dominantly originates from the FSD.
Theoretical works have predicted that the degree of deformation depends on the Fermi energy and the dipole moment [12, [14] [15] [16] [17] [18] . In the limit of weak DDI, the magnitude of the FSD in a trapped sample is expected to be linearly proportional to the ratio of the DDI to the Fermi energy, η = nd 2 /E F [16] . Here, n = 4π(2mE F /h 2 ) 3/2 /3 is the peak number density at zero temperature with h the Planck constant, m the mass, d 2 = µ 0 µ 2 /(4π) the coupling constant for the DDI, and µ 0 the magnetic constant. For a harmonically trapped ideal Fermi gas, the Fermi energy E F depends on the atom number N and the mean trap frequencyf = ( f x f y f z ) 1/3 , E F = hf (6N) 1/3 . Given that η ∝ √ E F , the FSD can be tuned by varying E F .
To test the theoretical predictions, we first numerically study the degree of cloud deformation ∆, defined as ∆ = AR − 1, as a function of the trap anisotropy, √ f x f z / f y , and/or f . To distinguish the effect of the FSD and of the NBE, we keep the two contributions separated in the calculations ( Fig. 3A and 3B ). Our results clearly convey the following information: (i) the FSD gives the major contribution to ∆, (ii) the FSD is independent from the trap anisotropy, while it increases withf , (iii) the NBE effect is reminiscent of the trap anisotropy and vanishes for a spherical trap [15] .
In the experiment, we explore the dependence of ∆ on the trap geometry for β = 0 • by keeping the axial frequency ( f y ) constant and varying the radial frequencies ( f x = f z within 5 %) (Fig. 3C) . This leads to a simultaneous variation of both the trap anisotropy andf . We observe an increase of ∆ with η, which is consistent with the theoretically predicted linear dependence [16] .
In analogy with studies in superconducting materials [26] , we graphically emphasize the FSD in the measurements at η = 0.009 by subtracting the TOF absorption image taken at β = 90 • from the one at β = 0 • (Fig. 3D) . The resulting image exhibits a clover-leaf-like pattern, showing that the momentum spread along the orientation of the dipoles is larger than in the other direction. For comparison, the same procedure is applied for images obtained by a fit to the observed cloud (Fig. 3E) . At η = 0.009, the trap anisotropy is so small that the NBE effect is negligibly small and the deformation is caused almost only by the FSD.
Finally, we investigate the temperature dependence of ∆ (Fig. 4) . We prepare samples at various temperatures by stopping the evaporative cooling procedure at various points. The final trap geometry is kept constant. When reducing the temperature, we observe the emergence of the FSD, which becomes more and more pronounced at low temperatures and eventually approaches the zero-temperature limit. The qualitative behavior of the observed temperature dependence is consistent with a theoretical result at finite temperatures [16] , although further theoretical developments are needed for a more quantitative comparison.
Our observation clearly shows the quantum many-body nature of the FSD and sets the basis for future investigations on more complex dipolar phenomena, including collective excitations [15, 17, 27, 28] and anisotropic superfluid pairing [29, 30] . Taking advantage of the wide tunability of cold atom experiments, dipolar Fermi gases are ideally clean systems for exploring exotic and topological phases in a highly controlled manner [11] .
We 
Supplementary Materials Experimental setup
We obtain a quantum gas of fermionic 167 Er atoms via laser cooling in a narrow-line magneto-optical trap [31] followed by evaporative cooling in an ODT [22] . The sample is trapped in a crossed ODT consisting of a horizontally (y axis) and a vertically (z axis) propagating beam at 1570 nm. The beam waist of the horizontal beam is 15 µm, while the one of the vertical beam is tuned in a range from 20 µm to 90 µm to vary the trap geometry from a nearly spherical shape to a nearly cigar shape. During the entire experimental procedure, the fermions are fully polarized into the lowest hyperfine sublevel |F = 19/2, m F = −19/2 , where F is the total angular momentum quantum number and m F is its projection along the quantization axis. For maintaining the spin polarization of the trapped sample, we apply an external magnetic field of 0.58 G. At this field value, we do not observe any influence of Feshbach resonances [32] . The magnetic field orientation is controlled with two sets of coils. During evaporative cooling, the magnetic field is vertically oriented (β = 0 • ). For imaging, we rotate the magnetic field orientation to the direction of the imaging axis to attain a maximum optical depth.
Measurement of the AR
We measure the deformation of the cloud shape in TOF absorption images by using a standard poly-logarithmic fit for the integrated density distribution of an ideal Fermi gas [33] [34] [35] 
where Li n is the n-th order poly-logarithmic function, ζ is the fugacity, h and z indicate horizontal and vertical coordinates on the imaging plane, respectively, h 0 and z 0 are the positions, and σ h and σ z are the radii. We define the AR of the observed cloud as σ z /σ h . The imaging axis has an angle of 28 • with respect to the y axis (inset Fig. 1 ) and thus the horizontal radius in the imaging plane σ h is related to the radii in the x and y directions, σ x , σ y , by
The fugacity ζ is directly connected to T /T F through the relation T /T F = [−6 × Li 3 (−ζ )] −1/3 . The optical depth is proportional to N. Although the optical depth is also related to ζ through N and T F by T F = hf (6N) 1/3 /k B , we leave both free in the fitting procedure and confirm that they are consistent with each other. Here, we assume that the cloud has a constant fugacity over the entire cloud because the momentum deformation is small. Rigorously speaking, T F is anisotropic and T is constant over the cloud, and thus ζ should be anisotropic. Dealing with such a distribution is beyond the scope of the present work. Figure 5 shows a typical TOF absorption image and its integrated profiles as well as the integrated profiles of the poly-logarithmic fit. The fit is in excellent agreement with the observed distribution.
By taking the average of about 20 independent measurements, we are able to determine the AR with a typical precision of 0.1 %, corresponding to the standard error of the mean for multiple measurements. In addition, we find six possible sources of systematic errors in the measured AR. (a) Variation in pixel sizes. The variation in pixel sizes over the area of the cloud can introduce a systematic error in the AR. There is no measured data available for our CCD camera (Andor, iXon3). (b) Residual interference fringes. Interference fringes, arising from dusts on the imaging optics, can produce a fixed background pattern on the image. (c) Finite pixel number. The finite number of pixels can limit the resolution of the measurement of the AR, in particular at short TOF. From the TOF measurements shown in Fig. 2 , where the position of the atomic cloud varies with TOF by a free fall, we estimate the combined effect of (a), (b), and (c) to be within ±0.5 %. (d) Error in the fitting procedure. Although our fitting procedure assuming a constant fugacity may give rise to a systematic error in deriving the AR, it is difficult to quantitatively estimate it owing to the lack of an appropriate model. Investigating this effect will be an important future work. (e) Fluctuations in the magnetic field. The influence of the fluctuation in magnetic field, which results in a fluctuation in the dipole orientation, is negligibly small at β = 0 • and β = 90 • (< 0.05 % in deformation). (f) Tilt of the camera. Assuming that the camera is aligned perpendicular to the imaging beam path within 1 • , we infer that the influence of the tilt of the camera on the AR is negligible (< 0.02 %).
Physical origin of the deformation of the FS
Within the Hartree-Fock theory for a many-body system, the DDI contributes to the total energy of the system in two distinct ways: the Hartree direct interaction and the Fock exchange interaction [12, 16] . As compared to the case with a non-interacting gas, the Hartree term gives rise to a distortion in position space, whereas the exchange term gives rise to a distortion in momentum space. Previously, magnetostriction in position space was observed in a dipolar BEC of chromium atoms [36] . In a BEC, the Fock term is zero because of the symmetric character of the many-body wave function. In an isotropically interacting Fermi gas, the Hartree and the Fock terms cancel out [12] . The existence of the exchange term in dipolar Fermi gases arises from the combined effect of the DDI and the Pauli exclusion principle. In our expansion measurements, both the Hartree and the Fock terms need to be considered. The first is responsible for the NBE, while the second gives the FSD.
Calculation of the deformation
In the present work, the collision rate associated with universal dipolar scattering [22, 37] is lower than the lowest trap frequency. Therefore, our sample is in the collisionless regime, where the mean free path is longer than the size of the cloud [38] . We describe the trapped dipolar Fermi gas in the collisionless regime in the zero temperature limit with an ansatz that the Wigner distribution function is given as an ellipsoid
where Θ denotes the Heaviside's step function, and r, k, and t denote coordinate, wave vector, and time, respectively. The parameters R j and K j represent the Thomas-Fermi radius and the Fermi momentum in the jth direction, respectively. These parameters are numerically determined by minimizing the total energy in the presence of the DDI. The validity of this approach was numerically confirmed [39] . At equilibrium, the parameters K j contain the information of the anisotropic FS.
The expansion dynamics is calculated using the BotzmannVlasov equation for the Wigner distribution function under the scaling ansatz [40] [41] [42] . The scaling parameters, representing variations from the equilibrium condition, are described by a set of coupled time-dependent differential equations. The NBE effect is naturally included in this framework and occurs predominantly within 1 ms after the release from the trap. We numerically solve the equations for the general triaxial geometry, where the trap frequencies in three directions are different and the dipoles are oriented in the direction of one of the trap axes. This reflects our experimental situation at β = 0 • . Although at β = 90 • the dipole orientation has an angle of 14 • with respect to the x axis, we assume that the dipole orientation is parallel to the x axis in our calculation.
We calculate the radii of the cloud on the image plane, taking into account the angle of 28 • between the imaging axis and the y axis by using eq. (2) . In all our measurements, we observe an asymmetry between β = 0 • and β = 90 • , i. e. |∆| is larger at β = 0 • than at β = 90 • . We observe this asymmetry also in the subtracted images in Fig. 3D and Fig. 3E as a higher contrast in the vertical direction than in the horizontal direction. This asymmetry is well reproduced by our calculation and is understood as follows. At β = 0 • , the major axis of the ellipsoid is oriented to the z direction and is fully imaged. By contrast, at β = 90 • , the major axis is not perpendicular to the imaging plane and we observe a combined radius between the major and the minor axis of the ellipsoid. Therefore, the observed deformation at β = 90 • is always smaller than the one at β = 0 • .
Image subtraction for Fig. 3D ,E
The image shown in Fig. 3D is obtained as follows. The TOF absorption images from 18 independent measurements are averaged and binned by 2 × 2 pixels to reduce background noise. This procedure is applied for the measurements at β = 0 • and β = 90 • . We subtract the image at β = 90 • from the one at β = 0 • . This image subtraction is very sensitive to the relative position of the clouds on the two images down to a sub-pixel level. We obtain accurate positions of the center of the cloud from the fit and shift the coordinate of the image at β = 90 • such that the center positions of two images exactly agree. We then apply spline interpolation for the image at β = 90 • to estimate the optical depth of the cloud at each pixel position in the image at β = 0 • . Unlike the procedure used in Ref. [26] , where the anisotropy is extracted by rotating a single image by 90 • and subtracting it from the original image, our procedure with two images at two dipole orientations allows us to extract only the anisotropy originating from the DDI.
